Crude messenger ribonucleic acid fractions isolated from Corynebacterium diphtheriae and Escherichia coli were translated in an E. coli in vitro proteinsynthesizing system and yielded precursors of the secreted proteins diphtheria toxin and alkaline phosphatase, respectively. Addition of inverted E. coli inner membrane vesicles to the system during the initial stages of translation resulted in the intravesicular segregation of mature diphtheria toxin and alkaline phosphatase. Outer membrane vesicles or inner membrane vesicles whose cytoplasmic surfaces had been treated with pronase could not mediate transmembrane transfer of diphtheria toxin or alkaline phosphatase. However, inner membrane vesicles isolated from E. coli spheroplasts which had been treated with pronase and inner membrane vesicles complexed with ribosomes during pronase treatment were functional in transmembrane transfer. At temperatures below the phase transition of E. coli membranes, no intravesicular segregation of alkaline phosphatase or diphtheria toxin was observed. The precursor forms of each protein accumulated free from the vesicles. These results suggest that an inner membrane protein, exposed on the cytoplasmic surface, plays an integral role in secretion.
Crude messenger ribonucleic acid fractions isolated from Corynebacterium diphtheriae and Escherichia coli were translated in an E. coli in vitro proteinsynthesizing system and yielded precursors of the secreted proteins diphtheria toxin and alkaline phosphatase, respectively. Addition of inverted E. coli inner membrane vesicles to the system during the initial stages of translation resulted in the intravesicular segregation of mature diphtheria toxin and alkaline phosphatase. Outer membrane vesicles or inner membrane vesicles whose cytoplasmic surfaces had been treated with pronase could not mediate transmembrane transfer of diphtheria toxin or alkaline phosphatase. However, inner membrane vesicles isolated from E. coli spheroplasts which had been treated with pronase and inner membrane vesicles complexed with ribosomes during pronase treatment were functional in transmembrane transfer. At temperatures below the phase transition of E. coli membranes, no intravesicular segregation of alkaline phosphatase or diphtheria toxin was observed. The precursor forms of each protein accumulated free from the vesicles. These results suggest that an inner membrane protein, exposed on the cytoplasmic surface, plays an integral role in secretion.
Although membrane-associated polysomes in bacteria were recognized as early as 1967 (4) , only recently has their functional significance in the syntheses of secretory (17, 19, 21) and membrane (9, 13, 14) proteins been established. Utilizing reagents which can covalently attach to proteins but which are unable to penetrate cell membranes, Smith et al. (17, 19) demonstrated that some polypeptide chains traverse the cytoplasmic membrane of Escherichia coli and Bacillus subtilis while still growing on ribosomes bound to the inner surface of the membrane. Upon treatment with puromycin, these ribosomes lose their membrane attachment; this suggests that the nascent chain provides the sole link between ribosome and membrane (15) . However, pronase was unable to cleave this length of nascent chain (16) , suggesting a close, if not direct, ribosome apposition to the membrane.
Recent studies have directly established the involvement of at least two membrane proteins (ribophorins I and II) in the secretory process in animal cells (7) . However, the involvement of membrane proteins in the secretory process in bacteria has not been demonstrated.
I developed an in vitro bacterial secretory system wherein the synthesis and cotransla- Where indicated, an excess of membrane vesicles (1 U of absorbance at 280 nm) was added to the reaction mixture at various times after the initiation of protein synthesis. Synthesis was terminated by the addition of 100 ug of puromycin per ml and dilution of the entire reaction mixture in 0.9 ml of cold buffer 1 (10 mM Tris-hydrochloride, pH 8.0, 50 mM KCI, 10 mM magnesium acetate). Total protein synthesis was assayed by measuring the total trichloroacetic acidprecipitable radioactivity of the entire reaction mixture (9) . To assay for intravesicular transfer of protein a.;_r termination of protein synthesis, membrane vesicles were pelleted by centrifugation at 15,000 x g for 7 min, washed twice in buffer 1 made 0.5 M in KCI, incubated with 50 ug of pronase per ml at 0°C for 30 min, washed twice with buffer 1, and dissolved by the addition of 1.0% Triton X-100 (Rohm-Haas Co., Philadelphia, Pa.). At each step a sample was assayed for total trichloroacetic acid-precipitable radioactivity or reacted with various antisera. The reaction mixture supernatant also was assayed for total radioactivity or reacted with appropriate antisera. Molecular weight determinations of the enzymes and their respective precursors were as described previously (19) .
Preparation of membranes. Inner and outer membranes from E. coli 27257 were prepared by methods previously described (10) , except that (i) DNase (5 ,tg/ml) was added to cell lysates, (ii) 20 mM EDTA was added to cell lysates and carried through each subsequent step, and (iii) spheroplasts were lysed by passage through a French press at 7,500 lb/in2. For specific experiments inner membrane vesicles were incubated with pronase (50 ytg/ml) in buffer 1 containing 25% sucrose for 30 min at 0°C or were isolated from spheroplasts which had been similarly treated with pronase. Alternately, inner membrane was incubated in a complete polypeptide-synthesizing system, as described above, treated with chloramphenicol (200 yg/ml), and subsequently treated with pronase as described above. After incubation the membrane-ribosome complexes were isolated by gradient centrifugation and washed extensively in a Tris buffer (pH 8.0) containing 10-5 M Mg2e to remove ribosomes, and inner membrane was isolated by centrifugation. To determine the effectiveness of proteolysis, samples of inner membrane or spheroplasts (ca. 50,000 cpm), which had been labeled in vivo with 3H-amino acids, were incubated with and without pronase as described above, washed extensively with buffer 1, isolated by centrifugation, and assayed for total tricholoracetic acid-precipitable radioactivity.
RESULTS
Synthesis of alkaline phosphatase, diphtheria toxin, and elongation factor G. Optimal concentrations of RNA isolated from the membrane polysomes of E. coli (300 yg/ml) and C. diphtheriae (500 ,ug/ml) were added to a mRNA-depleted E. coli S-30 protein-synthesizing extract and incubated with [3S]methionine and the other 19 unlabeled amino acids (19) at 370C for 45 min (Table 1) .
About 35% of the total protein synthesized by the C. diphtheriae RNA was identified serologically as diphtheria toxin. Very little elongation factor G (less than 2% of the total protein) or alkaline phosphatase was synthesized. Alkaline phosphatase comprised about 15% of the total protein synthesized. Alkaline phosphatase comprised about 15% of the total protein synthesized diphtheriae (500 ,tg/ml) mRNA's were incubated at 370C for 45 min. After termination of protein synthesis, o-phenanthroline (10 ,ig/ml) and phenylmethylsulfonyl fluoride (5 ug/ml) were added. Ribosomes were removed from the reaction mixture by centrifugation, and either total 3S-labeled protein was measured by trichloroacetic acid precipitation or individual proteins were precipitated as follows. NaCl (0.14 M) and 0.1 M NaPO4 (pH 8.0) were added and incubated for 2 h at 37°C with (usually) 5 to 10 pi of rabbit antidiphtheria toxin, rabbit anti-elongation factor G, or rabbit anti-alkaline phosphatase antiserum and for an additional 1 h with a predetermined optimal amount of second antibody (i.e., goat anti-rabbit serum). Pellets were collected by centrifugation, washed extensively, and assayed for trichloroacetic acid-precipitable radioactivity. As a control, normal rabbit sera were reacted with each polypeptide fraction, and the radioactivity precipitated (usually less than 103 cpm) was subtracted from each of the values.
SMITH
by the isolated E. coli RNA. As expected, no elongation factor G or diptheria toxin was synthesized by the E. coli RNA. The molecular weight of each protein was examined by sodium dodecyl sulfate gel electrophoresis, which revealed that both diphtheria toxin and alkaline phosphatase migrated more slowly than their respective commercial counterparts (Fig. 1) . The calculated molecular weights of pro-alkaline phosphatase (46,000) and pro-diphtheria toxin (66,000) corresponded well with previous observations (5, 18 synthesis. After termination of synthesis, the vesicles were removed from the reaction mixture by centrifugation, washed with 0.5 M NaCl, treated with pronase, and assayed for total trichloroacetic acid-insoluble radioactivity, as well as for syntheses of labeled alkaline phosphatase and diphtheria toxin. The trichloroacetic acidinsoluble radioactivity that did not sediment with the vesicles also was measured. When the vesicles were added to the reaction mixture at the beginning of the incubation, about 35% of the total protein synthesized was vesicle associated (Table 2 ). Increasing the amount of vesicles in the reaction mixture did not promote additional intravesicular transfer, therefore, the amount of membrane present apparently was not rate limiting with respect to intravesicular transfer. Proteins were presumably secreted into the interior since they were also protected from removal by salt and digestion by added pronase.
The radioactivity (about 20% ofthe total), which was associated with the vesicles and which could be removed by a combination of salt washing and pronase treatment ( (Table 3 ). These vesicles also segregated and processed alkaline phosphatase and diphtheria toxin (data not shown). Inner membrane vesicles complexed with ribosomes during pronase digestion were fully functional in mediating intravesicular segregation (Table 3) . Washing the membranes with 0.5 M KCI also had no effect on intravesicular protein transfer (Table 3) . Effect oflipid fluidity on protein transfer. Total protein synthesis and cotranslational secretion into inner membrane vesicles were examined at several temperatures above and below the membrane phase transition temperature. At 37 and 270C (Table 3 ) the fraction of total protein segregated within the inner membrane vesicles was about 35%, whereas at 14 and 10°C (the phase transition temperature of membrane lipids is 15 to 2500), no transmembrane transfer was observed. Similarly, at 14 and 100C, alkaline phosphatase and diphtheria, toxin were not segregated. Moreover, the precursor form of each protein was found free from the vesicles (data not shown). When procaine, an anesthetic which affects lipid fluidity and inhibits the induction (secretion) of alkaline phosphatase (20) , was added to membranes in vitro at 7 ,uM, no effect on the transmembrane transfer of alkaline phosphatase was observed. Higher concentrations of procaine inhibited protein synthesis and could not be used. DISCUSSION The in vitro secretory system described here can be used to effectively study the molecular aspects of protein secretion. When E. coli S-30 cell extracts (depleted of endogenous mRNA activity) were programmed with crude mRNA coding for significant amounts of alkaline phosphatase or diphtheria toxin, both of these proteins were synthesized as their respective precursors. The molecular weights for pro-alkaline phosphatase (46,000) and pro-diphtheria toxin (66,000) corresponded well with previous determinations (5, 18) . When inner membrane vesicles were added to the system during the initial stages of protein synthesis, mature alkaline phosphatase and diphtheria toxin were found segregated within the vesicles. Protein segregation was demonstrated by such established criteria as adherence to vesicle preparations and resistance to externally added protease. When vesicles were added after initiation of protein synthesis, reduced levels of intravesicularly transferred total protein, diphtheria toxin, and alkaline phosphatase were observed.
It is, or course, possible that some of the proteins (about 10% of the total) that were resistant to pronase were inserted into the vesicles after synthesis. Wickner and co-workers (8, 23) have contended that viral protein M13, which is an integral membrane protein, is inserted into membranes after synthesis. Further studies will be necessary to resolve whether secreted and integral membrane proteins associate with membrane during different stages of their syntheses.
When inner membrane vesicles were treated with pronase under conditions where about 10% of the inner membrane protein was digested, no transmembrane transfer of labeled protein was observed. Since the procedure used to form the inner membrane vesicles (11) produces predominantly inverted vesicles, and since only inverted vesicles would be expected to bind ribosomes, such a digestion can be implicitly localized to the cytoplasmic side of the vesicles. Inner membrane vesicles complexed with ribosomes during pronase treatment were fully functional in transmembrane transfer. Evidently, the ribosomes complex with a protease-sensitive region on the cytoplasmic surface of the inner membrane.
Inner membrane vesicles isolated from E. coli pronase-treated spheroplasts (again about 10% of the inner membrane protein was digested) were fully functional in transmembrane protein transfer. In this case, proteolysis can be localized directly to the extracellular surfaces of the vesicles since pronase does not enter spheroplasts (1) .
It has been suggested that the signal peptidase of bacterial membranes is localized on the external surface of the inner membrane (2) . In this study the alkaline phosphatase and diphtheria toxin transferred into vesicles isolated from pronase-treated spheroplasts were processed to their mature forms. However, a good deal of nonspecific proteolysis ofboth alkaline phosphatase and diphtheria toxin also was observed on polyacrylamide gel analysis (data not shown). It is possible that some proteases not removed from the vesicle preparation contributed to such proteolysis.
Recently, it has been reported that disruption of lipid organization by procaine (20) or by the lowering of temperatures below the order-disorder phase transition of E. coli membranes (22) can interfere with the normal secretion of alkaline phosphatase in vivo. In the in vitro system described here, total protein synthesis continues at 150C (about 17% of the 370C rate) and at 100C (about 10% of the 370C rate); however, intravesicular segregation of alkaline phospha-J. BACTrERIOL.
on September 7, 2017 by guest http://jb.asm.org/ Downloaded from tase and diphtheria toxin was abolished at these two lower temperatures. Precursors ofthese proteins accumulated in the supernatant fraction and not within the vesicles.
The results of this study suggest that the membrane plays an active role in the process of protein secretion in bacteria. Several membrane proteins from animal rough endoplasmic reticulum (ribophorins I and II) (7) have been identified and apparently are involved in the ribosome-membrane interaction. The data presented in this paper suggest that proteolysis of proteins on the cytoplasmic surface of the inner membrane abolishes secretory activity. Since Smith et al. (15) have reported previously that the ribosomes in bacteria, in contrast to those in animal celLs, do not directly bind to the membrane, it will be interesting to determine the precise requirement of membrane protein(s) in the secretory process.
